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Introduction

* For the first time sensitive to triboson production at hadron |14
colliders!
* First experimental evidences achieved already! W

» Important test of the Electroweak sector.
« Potential for evidence of Quartic Gauge Coupling (QGC).

* Not observed yet! v
« Complementary to VBS analyses. i'W
A~ W
 Important to constrain these processes from data. ‘Z/v*/H
« Background to many direct new physics searches. w
« Connected to Higgs through VH. W
14

* Results used to search for new physics:
« Parametrize result with Effective Field Theory (EFT) W
anomalous Quartic Gauge Coupling (aQGC) operators.
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Intro: WWhy measuring tribosons

orocesses? Test EWK theory!

« Trilinear and Quartic Gauge boson couplings (TGC, QGC) are precisely determined by
the non-Abelian nature of the SU(2) x U(1) gauge symmetry group that governs the
Electroweak theory.

» Neutral coupling forbidden.

« TGC:
 VBF and VV production.
« QGC: ::M‘:

 VBS and VVV production.

» The following Lagrangian contains all the authorized QGC in the SM:
2
Lwwvv = —g—{[2W+W_“ + (Ay sinfy — Z,, cos OVV)Q]2
W+W +W+W —l—(A“ 51n9W Zy COSGW) Ay SInOW Zy COSOW)] }

SR MK

» A precise determination of the QGC in triboson final states allow to test the EW theory!
Louis Helary - CERN



Intro: What do we measure?

CMS: arXiv:1704.00366 submitted to JHEP
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Standard Model Production Cross Section Measurements Status: July 2017
CMS 19.4 fb '8 TeV) a A0 totl (@)
. _Q . .
> - 10t otastc ATLAS Preliminary Th
3 1201~ Z(—->MN)yy ¢ | Data | = i Run1,2 vs=7,8,13 TeV -
o N CZn S 1 g o S tepp Vo=7 TV
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% XYY Total uncertainty 10 o LHC pp ¥5 =8 TeV
4 SOW 10t e WA  Data 2030
UJ O n,{z}o
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103 - Dn,zo o
P71 G o 0 Tao wa BBl Data 008-36.1b"
pr>100 GeV on>1 R P = | ww
2 A 6 fl- nj=1 ° t-chan o
10 ni1 0 i = RS O M_/AV_V ww total
o "’EB-D-Zn A we m?} N A -~
101 e onzalo - n g wz M%A ggF
n?Ci n >4 b n;>3 n;z4 ~ H=ww
! (o] o Foy @ 7z 7z Wy
n25 e, o B QAgi
1 n njzsrv‘;4 " 06 n zt - 2 D
L > n>6 oy 7 a
n=>5 VBF
L ! 1 In/ze"j ] Honww B 5 oo
100 120 140 10 2ad "B o p o
pr' (GeV] Bae i
1072 N7 nﬁ7 HezZ-4t A- o~ O
N N, K s
o — data ]| Vok 102 |
fid — ;
lumi| x E
PP Jets Y w z tt t VV 7Y H WWoyuw iz tiy Wijj Zjjww zZyyWyywwy ZyjjVVij
R=04 EWK EWK Excl. SWKEWK
fid. fid. fid. fid. tot. tot. fid. fid. fid. fid. tot. tot. fid. fid. fid. tot. fid. fid. fid. fid. fid.
S Ndatal—|Nokg I
tot — 5 .
lumi|x A x|C] Tribosons:
Some of the lowest cross-

sections we can measure (o
aq~Tb or less)!

. g_leis the efficiency correction due to the reconstruction (Nreco/Nfid).
» | Alis signal acceptance in the fiducial volume (Nfid/NTot).
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ATLAS: Phys. Rev. Lett. 115, 031802 (2015
CMS: arXiv:1704.00366 submitted to JHEP

- First experimental evidence (>3.0) for triboson production at hadron collider
reported by ATLAS in 2015!

. Fiducial definition: ATLAS: CMS:

Definition of the fiducial region Definition of the W~y fiducial region

14 v

mr > 40GeV ¢ ¢
E] >20GeV, [n7| < 2.37, iso. fraction ¢f < 0.5 ) pr > 25GeV, '] < 2'4_
AR((,~) > 0.7, AR(~,~) > 0.4, AR({/~, jet) > 0.3 One candidate lepton and two candidate photons
mt > 40 GeV
Exclusive: no anti-k; jets with pJTe‘c > 30GeV, [t < 4.4 AR(7,7) > 0.4and AR(v,¢) > 0.4

- Backgrounds:

- Wh+jets and Wy+jet (2D-template fit of isolation and Photon ID), yy+jet
estimated from data, Zy scaled in CR.

CMS 19.4fb™ (8 TeV) CMS 19.4 fo'' (8 TeV)
> 25 W > 35F
8 (—ev)yy ¢ Data ) W(—pv)yy ¢ Data
p4 . Wy 2 sk . Wy
Y 201 (] Prompt diphoton « ] Prompt diphoton
@ I Misidentified electrons 7 [ Misidentified jets
S [ Misidentified jets £ 25 Total uncertainty
Lﬁ 15 Total uncertainty u>J 20
NN
10 15
10
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ATLAS: Phys. Rev. Lett. 115, 031802 (2015
CMS: arXiv:1704.00366 submitted to JHEP

ATLAS reported cross-section in both inclusive (20jets)

« ~2.0 discrepancy with NLO prediction in inclusive

and exclusive (=0jets) jets bins.

measurement (1.0 exclusive).

_ - ) o™ [fh] [ oMM (]
nclusive (Njey > 0
UV 7.1 T13 (stat.) £1.5 (syst.) 0.2 (lumi.)
evyy 4.3 T8 (stat.) T1-9 (syst.) £0.2 (lumi.) | 2.90£0.16
lvyy 6.1 T15 (stat.) £1.2 (syst.) £0.2 (lumi.)
Exclusive (Njet = 0)
Hvyy 3.540.9 (stat.) T1§ (syst.) £0.1 (lumi.)
evyy 1.9 T (stat.) 115 (syst.) £0.1 (lumi.) | 1.88 £0.20
Lvyy 2.9 108 (stat.) 759 (syst.) 0.1 (lumi.)

CMS reported cross-section in inclusive jet bins and
found good agreement with predictions.

Channel Measured fiducial cross section
Wyy — efvyy 424 2.0 (stat) 1.6 (syst) 0.1 (lumi) b
Wy — ufvyy 6.0 4 1.8 (stat) 4-2.3 (syst) 4- 0.2 (lumi) fb
Wy — £Fvyy 4.9 4 1.4 (stat) 4 1.6 (syst) - 0.1 (lumi) b
Channel Prediction

Wy — (Fvyy 48405fb

Louis Helary - CERN
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70
60F
50F

40F

100

200

l Zy

3 Wyj + Wjj

C vy +jets ]
[ Other backgrounds —

1s=8TeV,20.3fb" -
muon channel (Njets >0)

300

o ) ]
400 500
m,, [GeV]




2 % I I ATLAS: Phys. Rev. D 93, 112002 (2016
CMS: arXiv:1704.00366 submitted to JHEP

- First experimental observation (>50) for triboson production at hadron collider

reported by ATLAS in 2016!

- Fiducial definition: CMS:
Cuts (T 0~y Definition of the Zyy fiducial region
Lepton e pl > 15Gev, 57| < 25
nt| < 2. , .
ATLAS Boson my+ - > 40 GeV p!} > 10GeV, ];75’ <24
Photon Er>15 (l;;x s Two oppositely charged candidate leptons and two candidate photons
AR(,~) > 0.4 leading pf} > 20 GeV
AR(y,7) > (:,',4<0 5 myp > 40 GeV
P L.
Jet P> 30 GeV, || < 4.5 AR(7y,7) > 0.4, AR(7y,¢) > 04, and AR(¢,¢) > 0.4

AR(jet,l/v) > 0.3  AR(jet,v) > 0.3
Inclusive : Njo; > 0, Exclusive : Njep =0

- Backgrounds:
«  Z+jets and Zy+jet (2D fit of isola

tion and Photon ID), other bkg negligible.

> wal | T | ] CMS 19.4 fo'' (8 TeV)
S ATLAS * Data ] E 701 Z>mm) vy ¢ Data
T 12k \s=8TeV, 20.3 b’ ey o Czwy
*\‘9 i , [ Z+yijvii . Y 60 N [ Misidentified jets
5 — i) Y Total rtaint
o 10 .Other BKG 2 otal uncertainty
L B . B
8— stat. ® syst. — i
- . 40
61— _
L _ 30 -
4 , -
- — 20
2 ) _
- Jﬂ \ § 10
0 L i S IS W T W DT S S RS -
0 400 600 800 1000 1200 0

1 1
80 100 120 140
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ATLAS: Phys. Rev. D 93, 112002 (2016
CMS: arXiv:1704.00366 submitted to JHEP
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- ATLAS also reported a search for Z(=>vv)yy production
with a sensitivity to the SM process of about 10.
B Z(vv)y+jets

- Backgrounds:
I Z(ct)yy

. Mismeasured jets in photons determined using ABCD 10_ Dsatesyst. ]
method (ETMiss, Photon ID). 1 4o -

« e—~>y misID determined using fake rates from Z>ee T e

///////////

e Data
10%E (oL 1 CJZvvyyy —
E 1s=8TeV,20.3fb ‘ 3
E Wl jets+v(v) 3
C COW(ev)y ]
102 EWyy -

stat.® syst.

10
« Wy scaled from data. 5 25 t
: : - R SR I W
« y+tjets from MC (Sherpa, checked in CR) 88 oot A S
. w400 150 200 250 300 350 400
«  Other bkg determined from MC. ET' [GeV]
Cuts vy 5 Famas T
: . . Lepton - o 19E (o sTev, 203 0" DZtvwyry
- Fiducial definition: : SO et
Boson  p4” > 110 GeV g 10e =§mw+‘ets
Photon B} > 22 GeV g F o

- Experimentally also add cut on: AR(y,7) > 0.4 |
Ad(pMiss,yy)>5/6m to remove y+jets

107'E

.IIIIII| 1 IIHII\l 1 IIIIIII| | IIIIIII| 1 II||L|.|.| 111

Jet

AR(jet,~v) > 0.3 S 25E4
ol 2 E
G‘G 1'57.,..j.v.v,l,,,,,l”,,,,,,,,,,,,,,///////////;
Qg s A
Qo5 1 ] .
Louis Helary - CERN Yoo 100 200 300 400 500 600
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Z reS u ItS ATLAS: Phys. Rev. D 93, 112002 (2016
CMS: arXiv:1704.00366 submitted to JHEP

 ATLAS reported cross-section in both ooz N 20 ATLAS .
. . . . . . Jets \s=8TeV,20.3fb
inclusive (20jets) and exclusive (=0jets) jets
bins. e'ey — f:ﬂotcemtatty
« Results are in ~agreement with NLO . Stat. uncertainty
N . . —— MCFM (NLO)
prediction in leptonic channel (although _ o
slightly above for the inclusive case). il - s20
* In the neutrino channel an excess is vorY
observed but not really significant given T T e T e T
the errors
* CMS reported cross-section in inclusive jet S
bins and found good agreement with PRz Ny,=0 s -8 TeV, 203 1"
predictions. . L + Measurement
Channel Measured fiducial cross section - ;:tu;:::::zy
Zyy —efe"yy  125+2.1(stat) + 2.1 (syst) £ 0.3 (lumi) fb Wy =y — MCFM (NLO)
Zyy — wtu yy  12.8 4+ 1.8 (stat) + 1.7 (syst) £ 0.3 (lumi) fb Ty -:;
Zyy = {70y 127 £ 14 (stat) & 1.8 (syst) £ 0.3 (lumi) fb B
Channel Prediction WW|||||
Zyy = 0y 13.0+15f TR e

Louis Helary - CERN



Phys. Rev. D 90 (2014) 032008

CMS

Ldt=19.2 fb"

\s=8TeV

CMS W(=2Iv)V(=2)))y

© 10* 4 Elctrondata Wty
o~ 3 RS MC uncertainty [ muttijet
<~ 10° 5—— sM+aY/A2=50 Tev? Zy+jets
..g 102 I top quark
* First triboson analysis performed at the LHC. z B it
10
 Selection: -
* 1 lepton (e,u) with p;#>30 GeV or p;#>25 GeV. 10"
e 1 VWIth pTY>3OGeV. 10-25””! IIIIIIII e
» Atleast 2 jets pT>30 GeV, no btag, 70<mjj<100 GeV.g 3— . |
« E Mss>35 GeV. ey +
« m>30 GeV 100 200 300 400

« Z veto in electron channel.

cms JLdt=19.

Photon E; (GeV)

3fb?’ 1s=8TeV

T
—&— Muon data

RS MC uncertainty

SM + a)' / A2 = 50 TeV?

« Backgrounds:
« Wy+jets: sideband fit in m;.
» Jets—>y extrapolated from data.

Events / 42 GeV
=)
w

LA L L

Zy+jets

- top quark
- Wry+jets

Wvy

o Jets>/ fit To E Miss, 10
- Other bkg estimated for MC. 1
10"

« Set 95% C.L. limits on cross section =311 fb. 107 EuR RS
- Expected o= (92+22) b. % i
Sl

Louis Helary - CERN
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ATLAS W(>IW)V(jj)y

ATLAS performed this analysis: W(=2Iv)V(=2jj)y
Fiducial definition:

tvjjy

Leptons 1 electron or 1 muon
pr > 25 GeV

no 2" lepton (pr > 7GeV)

In| < 2.5

Photon > 1 isolated photon
Et > 15GeV
isolation fraction ez < 0.5
In| < 2.37

AR(l,v) > 0.5
Jets N;

jets Z 2 and Nb—jets =0
pr > 25 GeV

In| <2.5

|An;;| < 1.2

AR]‘J‘ < 3.0

70GeV < mj; < 100 GeV
AR(jet,v) > 0.5
AR(jet, () > 0.3

W boson Efr“iss > 30 GeV
mt > 30 GeV

Backgrounds:
- W(=2Iv)V(=2))y : Wy+jets, fake j=y, fake j2>e, fake
e—>Yy from simultaneous fit, rest MC.

Louis Helary - CERN

Events / 15 GeV

Data/Pred.

Events/ 15 GeV

Data/Pred.

arXiv:1707.05597 submitted to EPJC

14

e
E ATLAS e Data 3
- \s=8TeV,20.2f" [ Wry+jets . _
10° = evijy final state —J E:tngf:%rgjjittss 5
= I Other backgrounds -
.| ] wvy ]
10 [ Total uncertainty 3
10
1 [
15 T T T IR fll = T
1‘”“it'-"i;'o"++ﬁ'+'+++_+_'+ ) + "y
] S e i i SR ) e N
100 200 300 400 500
m; [GeV]
T 1 T L A T T T4
F ATLAS e Data b
- \s=8TeV,20.21b" [ Wry+jets ' ]
10° = uvjjy final state —3 E:Eg ZL];:’%T]J;ESS =
- @ @ Other backgrounds -
.| ] Wvy |
10 [ Total uncertainty =
10
1
15 T T L L | '+' T ™ T 'f i
A P R I S A T """"""""""
Poeeenrsestvti T
ety g

100 200 300 400



arXiv:1707.05597 submitted to EPJC

ATLAS W(2ev)W(2uv)y

ATLAS also performed this analysis in the

10°

%) ET T T T T E
S [F @ Daa ATLAS E
W(>ev)W(>pv)y channels. N
Fiducial definition: vy 7 E B onerbadgonas T 1T
[ [ Total uncertainty ]
Leptons 1 electron and 1 muon . Fro /At =-1876 TeV™* -
pr > 20GeV 106= =
no 3rd lepton (pT > 7G6V) S e ;
In| < 2.5 s ]
opposite charge leptons 15 =
AR(£,0") > 0.1 E 7
Photon > 1 isolated photon e [, L | | | ]
Er > 15GeV ko] T T T T T T T
iolation fraction ¢}, < 0.5 E gt
In] < 2.37 | R S S DO j
AR(l,7) > 05 020 "0 0 80 100 120
Jets Niets =0 E}[GeV]
pr > 25GeV
ly| < 4.4

AR(jet,y) > 0.5 jl /= ATLAS

AR(jet, ¢) > 0.3 i  fEZ=3]) EXPERIMENT
W boson EXiss > 15GeV 1 7
Mey > 50 GeV

Run Number: 207809, Event Number: 90094555

Date: 2012-07-31 23:50:00 UTC

Backgrounds:

- W(2ev)W(>uv)y: fake j2y, fake j—e,
fake e—>y from data (mostly 2D sideband)
rest MC.




AT LAS WV V re S u I tS arXiv:1707.05597 submitted to EPJC

- Fiducial cross section measured in fully leptonic channel
(Expected significance 1.60 observed 1.40).

. Measurement:

oo™ = 1.5 £ 0.9(stat.) + 0.5(syst.) fb,

- Set 95% C.L. limits on the production cross-section in both channels too.

Observed limit [fb] Expected limit [fb]  T¢heo [fb]

Fully leptonic  evuvy 3.7 2.1J_r8'_2 2.0
evjivy 10 1615 2.4
Semileptonic < puvjjy 8 1013 2.2
tvjjvy 6 8.475% 2.3

- Results are in agreement with SM expectations.

Louis Helary - CERN



Eur. Phys. J. C 77 (2017) 141

Search for WWW(=> lviviv)

ATLAS performed search of WWW(->Ivivlv) channel.

. Fiducial definition: tvlvly [ 0 SFOS 1 SFOS [ 2 SFOS

Preselection Exactly three charged leptons with pt > 20 GeV

Emiss - EF™ > 45 GeV | EF= > 55 GeV

Same-flavour dilepton mass mee > 20 GeV -

Angle between trilepton and piss |3 — pP Tmlss\ > 2.5
mz — msros > 35 GeV

Z boson veto Mee — mz| > 15 GeV or |msros — mz| > 20 GeV
msros — mz > 20 GeV

Jet veto At most one jet with pr > 25 GeV and || < 4.5

b-jet veto No identified b—jets with pt > 25 GeV and |n| < 2.5

. Backgrounds (0-SFOS):
WZ (norm data), fakes (data), Charge flip (data), other MC.

SFOS=Same flavor opposite sign pairs

> rrrrrrTTT rrrTT T T T rrrT T rTTT T T ] 6IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIII.IIIIIlIIIIIIIIIIII
> F ATiAS o ] A SR
S F y WWW ] S [ ]
S 5[ 1s=8TeV, 203 Wit - ~ [ ]
8 1 vl e _ -1 —
PELAL Fake L. ] 5E Vs=8TeV,20.3 b -
T 4 o Vy - o L ]
e T Charge Flip L. B WWWF = Iviviv 1
TR I Other Bkg. ] 4= 195%
3 — 0SFOS SR | T — Obs. (Sys+Stat) & 7 JC.L.
F Z ] [ — Exp. (Sys+Stat) /]
2 / 7 3 . : /
C % 7 L Exp. (Stat Only) ! ,
F . i Observed: 0.31 fb K .
1 - i : ]
[ i v E ted
e 2.7 ] ol specte E
0E | - - S 2 . | ]
m E T T . T T T 3 : 4
+ E — J H H T aae
& 1.5E : ] N ]68%
3 E p E JC.L.
3 1 -
0.5¢ 7z - . : 1
. E , ‘ , , ‘ , 3 0
Louis Helary - CERN 0 TEDTTI00 50500 550300 350400 010 0.1020304050607 0808 1.0 1.1 1.2

mé [GeV] Fiducial Cross Section [fb]



Eur. Phys. J. C 77 (2017) 141

Search for WWW(-=2 Ivlvjj)

ATLAS performed search of WWW(->Ivlvjj) channel.

. Fiducial definition: bvtvjj [ et | etut | et
Lepton Exactly two same-charge leptons with pr > 30 GeV
Jets At least two jets with pr(1) > 30 GeV, pr(2) > 20 GeV and || < 2.5
My myp > 40 GeV
Emiss Emiss > 55 GeV | -
m;j 65 GeV < mj; < 105 GeV
Anjj |An;;| <1.5

Mee < 80 GeV or
Z boson veto M., > 100 GeV -

Third-lepton veto | No third lepton with pr > 6 GeV and |n| < 2.5 passing looser identification

requirements
. . b-jet veto No identified b—jets with pr > 25 GeV and |n| < 2.5
. Backgrounds semi leptonic (u*u?):
WZ (check CR), fakes (data), Charge flip (data), other MC.
> L I B B I I L B I (<6_'E|'I'I'I'I'I'|'l'5|'|'|'|'|'5|_
8 - ATLAS —e-Data ] 2 _g ATLAS : : 4
o O is=8TeV, 203 10" www = ~ [ N
- r ] L s — 1 i
> 4: Wivjj \F/ake L . 5‘5 Vs=8TeV, 20.3 b
2 4 -y - 5 - ) B
§ B Charge Flip L. ] [t WWW = Ivivij i
o I Other Bkg. | A /71 95%
- up SR N — Obs. (Sys+Stat) i ACL
of 7% % 3 | — Exp. (Sys+Stat) ]
E ////////////%7 E 3__. - - - Exp. (Stat Only) u
17 /// //% B C Observed: 0.24 fb ]
7 ////fj 2; ]
4, ]
o 05 ' ] 5 | ]
& 15 T - B\ NS B L 1] 68%
g 15/ ; : : i {C.L
¢ G b
i} e : ' S IR N
Louis Helary - CERN 60 B85 70 75 80 BE 90 95 100 105 110 0" 970 010203040506070808 1 1412

m; [GeV] Fiducial Cross Section [fb]



Eur. Phys. J. C 77 (2017) 141

ATLAS WWW results

—— Observed
----- Expected
----- SM signal injected
[ ] Expected 68% CL
[ ] Expected 95% CL

ATLAS
\s =8 TeV, 20.3 fb™
1 | 1 1 1 I 1 1 1 | 1 1 1
6 8 10 12
95% CL limit on p = oOeeved / ol

« Combination of 2 channels gives sensitivity of 10 (expected and observed).
« (Good agreement with theory.

« Set 95% C.L. limits on the total production cross section (g,,,°*5<730 b, 7,,&*~230 fb).

Louis Helary - CERN



Overview of SM measurements

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

VBF, VBS, and Triboson Cross Section Measurements Status: July 2017 @ 7 TeV CMS measurement (L <5.0 fb)
—— @ 8 TeV CMS measurement (L < 19.6 fb™)
O o 13 TeV CMS measurement (L < 35.9 fo')

- Theory prediction

Hjj EWK, (tot.)
L Z Z CMS 95%CL limits at 7, 8 and 13 TeV

e -
ATLAS Preliminary

— H(—»WW)jj EWK
Wij EWK @) > 1 Tev) Run1,2 v/s=7,8,13 TeV

—M(jj) > 500 Gev a W Theory

LHC pp Vs=7 TeV
. Data
Zjj EWK Km
= stat & syst

10

—h

CMS Cross Sections [pb]

Zyy—tlyy LHC pp :: 8 TeV
e = o
[njet - 0] i 3§ ) syst 1
Wyy—tvyy LHC pp {5 =13 TeV —
= [mjee = 0] o EEtta 1 O ]
WW: st ® syst : : :
y—evuvy : <1 o ;
WWW - évevjj . 2 : “m
WWW - Evevey ~1 O 1 O . . E
W \A A A : E
s 'S :
Zyjj EWK 1 0_3 : 50- ~30_
WeWsjj EWK —— Lo
Wz EWK T
3.0 35 — . .
1 O 4 ! ! !
data/theory WVy' Zyy Wryy

—->0Only 8 TeV results available so far.
—~>Mostly statistically dominated. Largest systematic in all cases is on fake bkg model.
—>Wait for 13 TeV results to come !



Outline

« aQGC search




Search for BSM physics

« The SMis assumed to be a low effective theory of a more fundamental one at a
scale beyond the current kinematic reach.

« Search for BSM physics using a model independent approach complementary to
direct searches.
* New physics in EW sector modify the triple and quartic self-interactions.
« Dimension 8 operators only impact QGC with no effect on TGC.
» The effective field theory can be parametrized using an effective Lagrangian:

Lerr = Lsm + Z Is o a O Z %OT,J' + Z fMJ —= Owm,;
=0, j

7=1.,2 =00 9 7=0,....,7
WWWW | WWZZ | ZZ7Z7Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os.,0, Os1 X X X
On0, On1,0n6 O 7 X X X X X X X
Onr2 O3, Orra ,Ons X X X X X X
Oro 011 Ors X X X X X X X X X
Ors5 ,Or6 ,Or,7 X X X X X X X X
Ors ,Orp9 X X X X X

18 independent aQGC (dim 8) operators

Louis Helary - CERN



Eur. Phys. J. C 77 (2017) 141

Unitarization

. . . . . . Confidence Intervals ATLAS
«  With aQGCs, the unitarity is violated even in the T ot IS -8 TeV,203 b
i soerve % WW — ivjj+iviy
presence of a SM Higgs at some scale. Ty Snsarved o5 0L ]

0.5

* Need to introduce a unitarization scheme.
* Introducing a unitarization scheme introduce
model dependence!

f.,/ A* (10°TeV™)
o

-0.5

L0
Ry JR (¥ S ya— Y
. . . fs,O/ A? (1 04TeV'4)
* |n the search for aQGC in triboson final states, ;
. . . L onfidence Intervals ATLAS
use the form factor unitarization: - IS - 8 TeV, 20.3 "
-~ Observed 95% CL W WAWT = ivjj+iviviv
T >&Observed Value Ape=1TeV
—~ 05— -
| T
A 2 2 Jr_ L
(1 + S/AFF) &
= r
« Weakly motivated, but easy to implement. & ¢
L
C Loy | A T B

1 1 1 1 1 1 1 | 1 1 1 1 1 1 | 1 1
-0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8
Louis Helary - CERN foo! A* (10" TeV™)



aQGC search principle

arXiv:1707.05597 submitted to EPJC

« Start from SM measurement: @ 10—
8 ATLAS E
i - . %{WY \s=8TeV, 202" §
« Use SM signal+background model to 10 G5 Omerbackgrounds  eVavY signalregion [+
. . . . iy E [C—] Total uncertaint =
describe some kinematic variable sensitive e fBAggk/gAr:U?;f?géTev-‘* .
to new physics (EY,p-YY,m"V, m;VV, ...
» Generate, simulate and plug new physics

signal (usually use VBFNLO or Madgraph).

* Potentially re-optimize analysis cuts to £ :::::::::::::::::::::::::::i:::::::::111’_:::::::i:::::"::::::: """"""""""""""""""""""""""""""""""""""""
. N . [}
increase discovery potential. =z 1--,-.1-j-f,'j-;-,--,-;+,-j-,--;j-jl,-j-j-j-;-j-j-
0 20 40 60 80 100 1270
Confidence Intervals at 95% CL [l Observed [l Expected ET [GeV]
fuo/A*[ATLAS | mm | ls=8TeV.2021f0"
fin s /A  — App =

« Set 95% C.L. limits using profile likelihood
ratio.

Louis Helary - CERN =10
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Li m itS O n d i m4 : a4 ) G 5 Arxiv: 1610.07572 Submitted to: Rev.Mod.PhiSS.

P 4 4
8 TeV Limits on fs,o/ A%, fs,1/ A

T T
—_— Wi A, =0 [—
cMs  b— W W= jj Apr [-38,40]
ATLAS  b—— Channel Limits Agg [TeV]
o, — WWEjj [1.4-001, 1.5e-001] K “ A, =27V [~1900,2400]
~
H WEW:jj [1.6e-002, 16e-002] o
WEWWF  [4.9e-001, 7.5e-001] @ —— WWW A= [-1300,1800]
WZjj  [4.3e-001,49e001] K
............................................... W:tWijj Ay =co [~118,120]
H WV  [24e-002,30e-002] K
=
G5 —_ WEWEjj  [-2.2e-001, 2.2e-001] K e
T [ reeees———— h i  a  n  @B(yq020 o WIWW A, =2TeV [~2900,3700
H WEWE i [2.7e-002,2.8¢-002] i [ ]
WWEWF  [4.86-001,6.26-001]
""""""""""""""""""""""""""""""""""""""""""" WWW A=  [-2100,2700]
W'Zjj  [4.8e-001,4.6e001] K
- WVjj  [28-002,3.36-002] K ! L | ‘
-4 2 0 2 4
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 . - -4
-1 0 1 Iogm aQGC Limits @ 95% C.L. [TeV ]
fs aQGC Limits @95% C.L. © 20 atLas’ 1 le-paws E
CE4/5 — e O 18E \s—8Tev, 203 1" we =
4 H . o 'OF \s=8TeV,203fb wz =
A% Conversion factor: S e = E
§2] E Charge Flip L. =
f 4 f 4 S 14F 04142 SFOS SR -?tf;ir4Bl<2s;600T v
. __Js,ow __Js,1wv > oF . lsdh= V3
— WWWWvertex : oy = F5r 5 aq+ 205 = F5 5 0z S
E foo/A*= 2000 TeV*
WWWW | WWZZ | ZZZZ | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA 8- fs {A"=-6000 TeV*
Os,0, Os,1 X X X 6 =
On,0s On,1,00m,6 ,O0,7 X X X X X X X 45_ _E
Ownm2 ,Onm3, Ona ,Oms X X X X X X 2: E
010,011 ,Or,2 X X X X X X X X X o % :
1 P =
Ors ,Ore ,Or7 X X X X X X X X % 1-5: =
-— 4 |y
Ors ,Ory9 X X X X X 8 05',1 _*_'f' Z
. 2 1 -
Louis Helary - CERN é + 77 3
y 0 100 200 300 400 500 600 700 800 900 1000

—->Worse than VBS but nice cross check. md [GeV]



Limits on dim 8: F+

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

CcMS —
July 2017 ATLAS — Channgl Limits [Lgt I . ,..CMS 19.4 6™ (8 TeV)
A [ i Wyy [3.46+01, 3.46+01] 19410 8 TeV 5 160F WSIv)yy ¢ paa B v
T0 — Wyy [-1.6e+01, 1.6e+01] 203 1b" 8 TeV = ! N
— Zry [-1.66+01, 1.96+01] 20.3 fb” 8 TeV @ 140 [ Prompt diphoton  [Jll Misidentified electrons
—_— wy {; .ge+81, ; .ie+gH 20_2fb‘: grz E,:, [ Misidentified jets [\ Total uncertainty
| I—— y -2.5e+01, 2.4e+ 19.3 fb" e 120 T +
= 7y [3.86+00. 3 46+00] 07T 8TeV w Expected, 773 = 50 TeV
H Zy [-3.4e+00, 2.9e+00] 29.2 b 8 TeV 100~
— Wy [-5.4e+00, 5.6e+00] 19.7 o' 8 TeV
o | ss WW [-4.2e+00, 4.6e+00] 19.4 b 8 TeV
] ss WW [-6.2e-01, 6.5e-01] 359 fb”’ 13 TeV
1 77 -4.6e-01, 4.4e-01] 359 fp! 13 TeV
A [ T ] Wy 3.66+01, 3.66+01] 20.2 b " 8 1eV |
T == 7r ~%.26+00, 4.46+00] 19.7 10 B TeV
(| Wy [-3.7e+00, 4.0e+00] 19.7 b 8 TeV
H ss WW [-2.1e+00, 2.4e+00] 19.4 b 8 TeV
1 ss WW [-2.8e-01, 3.1e-01] 35.9 b 13 TeV
[ Z2Z -6.1e-01, 6.1e-01] 359 fp 13 TeV.
G It ] WVy -7.2e+01, 7.2e+01] 20.2 fb”' 8 TeV |
T2 — 7 5.96+00, 9.0e+00] 19.7 b B TeV
— Wy [-1.1e+01, 1.2e+01] 19.7 fb™ 8 TeV
—— ss WW [-5.9e+00, 7.1e+00] 19.4 b 8 TeV
H ss WW [-8.9e-01, 1.0e+00] 359 fb” 13 TeV
H 77 -1.2e+00, 1.2e+00 359 fb”’ 13 TeV
At 1 — Zyy -9.3e+00, 9.1e+00 20.3 fb' 8TeV |
T5 — WVy ~2.06+01, 2.16+01 20.2 10 8 TeV %1Os=_'"""""""""""""""""'_'=
H Wy -3.8e+00, 3.8e+00 19.7fb” 8 TeV o} = ATLAS e Data E
7 | [ —— WVy -2.56+01, 2.56+01 20.2fb " 816V | 8 F {s—8Tev,2021b" Wry+jets 3
frg/A = W R RN TN ATA— G 3 10 :I: Fako 1 fomjets 3
A [ I ] WVy ~5.86+01, 5.86+01 202 fbo" 8TevV ] € E wuviiy signal region v ! E
T.7 — Wy ~7.36+00, 7.76+00 19710 B 1eV L%’ .F [ Fake u from jets —
4 H Zy -1.8e+00, 1.8e+00 19.7 0" 8TeV 10° =
frg /A H Pt [-1.86+00. 1.86+00] 20.2 10" 8TV c [ Other backgrounds E
i 77 -8.40-01, 8.4¢-01] 359 fb" 13 TeV B ] wvy A
vy -7.4e+00, 7.4e+00 20.3 fb° 8 Te E Total uncertaint E|
Z — Z 1 ‘ TeV
fro /A = Z ~Z.0e+00, 4.06+00 ) e Y £y
Y T ) & 19.7 o_‘ ______ fo /A =1374 Tev*:
H zy [-3.9e+00, 3.9e+00] 20.2 fb 8 TeV 10 .o T
| |-|-| 7z | [-1.8e+00, 1.8e+00] | 35.9 fb” 13 TeV H
1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 [ . Ry L S R P P TR -
~100 0 100 200 300 I E
.. o -4 z
aQGC Limits @95% C.L. [TeV™] 5 . :
[0}
o
WWWW | WWZZ | ZZ7Z7Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA 3 ‘+
©
05,0, Os.1 X X X B e TR - B T
On,0, On,1,0m,6 ,00,7 X X X X X X X El[GeV]
On2 ,On3, Ona Ons X X X X X X
om0 On B 2 e >Worse than VBS
Ors ,Ore ,Or7 X X X X X X X X
Ors Ors X X X X X but nice cross check.




Limits on dim 8: F,

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

CMS — 3
July 2017 ATLAS — Channel Limits [Ldt ey 2 10 T e ‘ ' E
£ IAY | — WVy T.36+02, 1.36+02 20210 gTev | & = wy ATLAS 3
M,0 =i M -ZZe401 _81e+01 192" 8.TIe\/ i} [ o tfy \s=8TeV,20.2fb" ]
4 -7.1e+01, 7.5e+01 19.7 b 8 TeV [ Fake y fromjets ) . I
||:|| Zy -7.6e+01, 6.9e+01 28,2 fg" 8 TeV 10% & @3 Other backgrounds evuvy signal region | =
— y -7.76+01, 7.4e+01 197f"  8TeV £ ] Total uncertainty |3
H ss WW -3.3e+01, 3.2e+01 19.4 fb"! 8 TeV F oo fuyo /A% =-1876 TeV" 3]
1 ss WW -6.0e+00, 5.9e+00 35.9 b’ 13 TeV - Background fit 4
H yy>WW -2.8e+01, 2.8e+01 202 fb" 8 TeV -
] W_)WW -4.2e+00, 4.2e+00 24 7 fp’ 7,8 TeV 3
Al I — Vv ~2.16+02, 2.16+02 20.2 b B TeV B
M.1 = WYy -1 W_IMJD,%_W B
— 7y -1.9e+02, 1.8e+02 19.7 fb’ 8 Te
— Zy -1.5e+02, 1.5e+02 20.2 fo”! 8 TeV
— Wy -1.2e+02, 1.3e+02 19.7 b 8 TeV
H ss WW -4.4e+01, 4.7e+01 19.4 fb™" 8 TeV
[ ] ss WW -8.7e+00, 9.1e+00 359"’ 13 TeV
— yy—>WW -1.1e+02, 1.0e+02, 20.2 o 8 TeV
H WA -1 Wﬁ o4 7 1 78 TeV 3 T T T T T T
e e Vi, 516402, 51602 20317 81eV g 3 |
M2 I | Wiy -7.0e+02, 6.8e+02 19.4 fb" 8 TeV 3 2
[ Wyy -2.56+02, 2.56+02 203 b 8 TeV g O s * ---------------- meeed
| | WVy -5.7e+01, 5.7e+01 202 fh" 8 TeV o ] Y N I 1 i
: Zy -3.2e+01, 3.1e+01 10.7 fb | 8 1eV 20 40 60 80 100 120
H Zy -2.7e+01, 2.7e+01 20.2 fb”’ 8 TeV E; [GeV]
Wy -2,6e+01, 2.6e+01 197" 8TeV
At ! | Zyy -8.5e+02, 9.2e+02 20.3fb" 8 TeV
M.3 I | Wiy -1.2e+03, 1.2e+03 19.4 b 8 TeV > —— ]
— W feesapm  mim § |, A ‘o :
y -9.5e+01, 9.8e+ 20.2 ib° 8 TeV 3 I o1 ey A
- Ly -b.m+u1 19.7 fb ' 8 1ev o 10 \s=8TeV, 20.3 fb'1 i( )vvvfs,,;;/\ =10" TeV™, Age= E
= Zy -5.2e+01, 5.2e+01 20.2 fo”! 8 TeV f - 2w, 3
Wy -4.3e+01, 4.4e+01 19.7 fb! > I ets+v() N
£ A% I — WVY T36+02 1.36+02 20000 VA € 102 3 weevyr =
M4 H Wy -4.0e+01 4 0e+ 197107 Y g B wr 3
7 | — WV 2 .0e+00. 2.06+00 20240 VA | B Zivvriets ]
fM,5 /A = Wy -6.5e+01, 6.5e+01 19.7fb" 8 TeV w 10 I 2y -
foo/AY | | —— WVy -2.5e+02, 2.5e+02 50 O th eV ] 4 Stat® syst. 3
M6 — Wy -1.3e+02, 1.3e+02, 19.7 b 8 TeV S i 3
o ss WW -6.5e+01, 6.3e+01 19.4 b 8 TeV
'} WW -1.2e+01, 1.2e+01 359 fh! 13 TeV 1
fo_IAY 1 | —— | Y -4.7e+02, 4.7e+02 20.2 fb”' 8 TeV |
M7 — LA =T.06T0Z, T.08102 T0.7 B TeV
H ss WW -7.0e+01, 6.6e+01 19.4 fb': 8 TeV 10"
| | | | ' | | S8 ww | -1 .f'ie+01, 1.3(—1‘+01 | ss_q b 13 TeV |
QGC Limits @95% C.L. [TeV* 5 25F -
a imits o C.L. [TeV™] oF 72 il :
©| o > i
= o e P
WWWW | WWZZ | ZZ77Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA X3 0.5¢
100 200 300 400 500 600
Os,0, Os,1 X X X m,, [GeV]
Onr,0, Onr,1,006 ,001,7 X X X X X X X
Oz ,Owmz, Onra \Onrs X X X X X X
Oro Or Or2 = S . - > rx = >Worse than VBS
Ors ,Or6 ,Or7 X X X X X X X X .
Ors Ors X X X X X but nice cross check.
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Conclusions

* First observation of triboson process at hadron collider was done during LHC
run1 in the Zyy final state!
ATLAS

EXPERIMENT

« So far good agreement between measurements and SM predictions.

« Tribosons are sensitive to quartic gauge coupling, and all the analyses that
have been done so far are used to set limits on new physics through aQGCs.

* By the end of run2 should have the first evidence for more massive triboson
final state (WWW, WWy, WZy).
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W(>Iv)yy @ 8 TeV ATLAS

S: Phys. Rev. Lett. 115, 031802 (2015

Electron channel

Muon channel

Electron channel

Muon channel

Njet 20

]Vjet:O

Wrj + Wij
Yy + jets
Zy
Other backgrounds

15.3 + 4.8(stat.) & 5.3(syst.)
1.5 + 0.6(stat.) &= 1.0(syst.)
11.2 + 1.1(stat.)

2.2 + 0.6(stat.)

30.5 & 7.7(stat.) & 6.8(syst.)
11.0 & 4.0(stat.) £ 4.9(syst.)
3.9 £ 0.2(stat.)

6.7 & 2.0(stat.)

5.8 £ 2.1(stat.) £ 2.0(syst.)
0.2 £ 0.2(stat.) & 0.2(syst.)
2.4 £ 0.5(stat.)

0.3 £ 0.1(stat.)

14.4 + 4.9(stat.) + 4.9(syst.)
6.1 &+ 3.5(stat.) &= 3.1(syst.)
2.8 £ 0.2(stat.)

1.1 &+ 0.3(stat.)

Total background

30.2 £ 5.0(stat.) & 5.4(syst.)

52.1 4 8.9(stat.) & 8.4(syst.)

8.7 £ 2.2(stat.) £ 2.0(syst.)

24.4 + 6.0(stat.) & 5.8(syst.)

Data I

47

110

15

53

Inclusive Selection Exclusive Selection Inclusive Selection Exclusive Selection
Correction Factor € (40.4 £ 0.7 (stat.)) % | (39.7 + 1.0 (stat.)) % Correction Factor € (19.6 & 0.5 (stat.)) % | (15.1 £ 0.7 (stat.)) %
Acceptance A (89.2 £ 0.3 (stat.)) % | (89.7 £ 0.4 (stat.)) % Acceptance A (82.5 £ 0.4 (stat.)) % | (82.5 & 0.6 (stat.)) %
Efficiency € (45.2 & 0.8 (stat)) % | (44.3 £ 11 (stat)) % Efficiency C (23.7 £ 0.6 (stat.)) % | (18.4 % 0.8 (stat.)) %
‘ Relative systematic error on the efficiency C' [%] Relative systematic error on the eficiency C %]
Systematic Source syst. unc. syst. unc. -
Muon Eff Scale Tactor 00 00 Systematic Source ' syst. unc. syst. unc.
Muon Energy Scale 0.3 0.3 Electron Reconstruction Eff. 0.1 0.1
Muon Isolation Eff. 0.2 0.1 Electron ID Uncert 0.2 0.2
Muon Resolution ID 0.1 0.1 Electron Isolation EAf. 0.0 0.0
Muon Resolution MS 2.1 1.4 EM Energy Scale 2.4 4.5
Photon Energy Scale 1.0 1.1 EM Energy Resolution 0.3 0.3
Photon Energy Resol. 0.3 0.5 Photon ID Eff 0.8 0.9
Photon ID Efficiency 0.8 0.9 MET Reso Soft Terms 0.6 1.2
MET Reso Soft Terms 0.4 0.8 MET Scale Soft Terms 0.3 1.3
MET Scale Soft Terms 1.0 1.1 Jet Energy Resol 1.5 1.4
Jet Energy Scale 3.2 6.0 Jot E Seal 53 6.2
Jet Energy Resolution 0.8 14 el uergy sSca e. : :
Jet Vertex Fraction _ 0.3 Jet Vertex Fraction - 0.4
Pileup reweight 0.0 0.5 Pileup Reweighting 0.2 0.2
Trigger 0.5 0.5 Trigger 0.7 0.7
Total rel. syst. error on C' [%] 4.3 6.7 Total rel. syst. error on C [%] 6.2 8.2
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W(>IV)yy @ 8 TeV ATLAS

ATLAS: Phys. Rev. Lett. 115, 031802 (2015

W+jets and Wy+jet (2D-template fit of isolation and Photon ID), yy+jet estimated from
data (ATLAS), Zy scaled in CR.

> :I‘\II\\Illlllllll\lllll‘lll\II‘IIIl\: > :Illll|I|III||I||III||I\‘III\II|\II||:
8 45F ATLAS = 8 451 ATLAS =
2 405 \s =8 TeV, 203" @ 400 \s=8TeV, 20.3 b
c 1 ¢ ]
O a5f muon channel (NJets > 0)_: S a5 muon channel (NJets > O)_:
= 305_ e Data 1 302_ e Data
. —W+YJ+JY+JI . —W+YI+JY+JJ
250 — = I Y
- vl ]
20¢ — E
150 : E
10F + 3
- , 3
E T L e = 0:- -
-4 -2 0 2 4 6 8 10 12 14 -4 -2 0 2 4 6 8 10 12 14
Eso [GeV] Esf’ [GeV]

Signal: Sherpa 1.4. 1 with CT10

Sherpa 1.4.1 with CT10: Zy,Zyy,WZ W(zv)yy

MC@NLO 4.02 with Herwig 6.520 and Jimmy 4.30 +CT10: tt, single top, WW
Powheg+Pythia 8.163 with CT10: ZZ
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W/Zyy @ 8 TeV CMS

CMS: arXiv:1704.00366 submitted to JHEP

W+jets and Wy+jet (2D-template fit of isolation and Photon ID), yy+jet estimated from
data, Zy scaled in CR.

Wy Electron channel Muon channel
Jet — vy misidentification 22+6 63+ 12
Electron — 7 misidentification 20+2 —
Prompt diphoton 71 14 +2
Total background 49+ 6 77 +12
Expected signal 131 25+3
Data 63 108

Zyy Electron channel Muon channel
Jet — ¥ misidentification 62+8 68 +9
Prompt diphoton 0.3+0.1 0.6+0.2
Total background 6218 69 +9
Expected signal 56 + 8 73 £ 10
Data 117 141

Z+jets and Zy+jet (2D-template fit of isolation and Photon ID),
other backgrounds negligible.

Louis Helary - CERN



W/Zyy @ 8 TeV CMS

CMS: arXiv:1704.00366 submitted to JHEP

Wy Zyy
e channel p channel eechannel ppu channel
Signal simulation

Simulation statistical uncertainty 2.8 2.4 3.3 2.9
Trigger 0.5 0.3 1.3 1.2
Lepton and photon ID and energy scale 4.1 3.0 53 4.3
piss scale 1.5 1.4 — —

Pileup 0.5 0.2 1.3 0.4
PDFs, renorm. and fact. scales 1.5 1.6 1.2 1.3

Background

Misidentified jet 36.6 37.2 15.1 12.5
Misidentified electron 6.9 — — —

Prompt diphoton 6.7 5.8 0.2 0.3

Summary

Total statistical 47.8 29.6 16.6 13.7
Total systematic 38.3 37.9 16.5 13.7
Integrated luminosity 2.6 2.6 2.6 2.6

Signal @NLO using Madgraph5_aMC@NLO (V5.2.2) with NNPDFNLO3.0, and
pythia 8.1

Backgrounds with diboson and triboson from Madgraph5 aMC@NLO (V5.2.2)
at LO with CTQ6L1 with Pythia 6.4.

Diboson norm to MCFM(6.6)@NLO and tribosonMadgraph5 aMC@NLO
(V5.2.2).
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Zvy @ 8 TeV ATLAS

ATLAS: Phys. Rev. D 93, 112002 (2016

ete Ty Py ete Ty prpTyy
]Vjets >0 Afjets =0
NG 43 37 29 22
N Y 584+ 1.0+1.4 10.9+1.1+2.8 3.08 £0.734+0.75 6.4+0.9+1.8
NQther BKG 0.424+0.08 £0.18 0.194 4 0.047 +0.097 0.24 £0.05+0.11  0.105 £ 0.028 £ 0.055
NZ® (SHERPA)  25.7+0.5+1.6 29.5+0.6 + 1.7 18.9+0.5+ 1.5 21.8 0.5+ 1.7

Z+jets and Zy+jet (2D-template fit of isolation and Photon ID), other backgrounds
negligible.

ete y prpTy vy eteryy wru vy vy
MC statistical uncertainty 0.3 (0.3) 0.2 (0.3) 0.1 (0.1) 1.9(2.3) 1.8(2.1) 0.6 (0.8)
Efficiencies :
Trigger 0.2 (0.2) 0.5 (0.5) 19(1.9)  01(0.1) 05 (05 0.2(0.2)
Photon identification 1.5 (1.5) 1.5 (1.5) 05(0.5)  21(21) 21(21) 1.9(1.9)
Photon isolation 0.5 (0.5) 0.5 (0.5) 45(43) 12(12) 12(1.2) 2.8 (2.8)
Lepton reconstruction and identification 1.6 (1.6) 0.9 (0.9) - (=) 1.6 (1.6) 0.9(0.9) —(—)
Lepton isolation and impact parameter 2.2 (2.2) 2.2 (2.2) - (=) 22 (22) 22(22) —=(-)
Jet vertex fraction — (0.5) — (0.6) —(0.1) —(0.5)  —(0.6) —(0.2)
Energy/momentum scale and resolution :
Electromagnetic energy scale 2.3 (2.5) 1.2 (1.3) 2.1 (2.4) 2.5 (2.7) 1.8(1.9) 2.0 (2.8)
Electromagnetic energy resolution <0.05 (<0.05) <0.05 (<0.05)  <0.05(0.1) 0.2 (0.3) 0.3(0.3) 0.4(0.5)
Muon momentum scale - (-) 0.1 (0.2) - (—) — (=) 03(0.2) —(—)
Muon momentum resolution - (=) <0.05 (<0.05) — (=) — (=) 05(05) —(-)
Jet energy scale - (1.9) - (1.9) <0.05 (2.2) —-(22) —(1.8) 0.7(29)
Jet energy resolution - (1.2) — (1.4) <0.05 (1.0) —(1.2) —(0.8) 0.1(1.9
Eiss goft-term energy scale - (=) - (=) 0.3 (0.5) - (=) - (=) 1317
Emiss goft-term energy resolution - (=) - (-) <0.05 (<0.05) — (—) — (=) 04(0.7)
Pileup simulation 0.8 (0.8) 0.6 (0.7) 0.2(0.4)  08(L0) 1.1 (1.1) 0.6(0.9)
Total, without MC statistical uncertainty 4.0 (4.7) 3.2 (4.1) 5.3 (5.9) 45 (5.3) 4.1 (4.6) 4.3(6.0)
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Zvy @ 8 TeV ATLAS

ATLAS: Phys. Rev. D 93, 112002 (2016)

Njets Z 0 Njets =0

ebs 46 19 5 1000—————— R e AR
) 122+67+138 2.0+ 4.0 £ 0.4 q 900 TS I
Z'/y'y . . . . . . 8 8005_ \s=8 TeV, 20.3 fb I:IZ(VV)Y _E
Ny 7 3.64+0.1+3.6 1.0£0.141.0 g Wets
Ny ) 10.4 + 0.5 + 2.1 3.47 + 0.28 + 0.69 2 s OWev) -
Z(vv)y+jets = B Z(vv)jets 3
Nz 0.71 £ 0.71 £ 0.90 0.71 £ 0.71 £ 0.75 = Wy -
N7 0.381 4 0.055 +0.027  0.141 = 0.036 = 0.010 = E
Ny® 272+ 6.8 +4.6 83+4.1£15 E
N3® (SHERPA)  7.54+0.07 +0.34 4.80 £ 0.06 & 0.29 E
Backgrounds: ; . =SS
Mismeasured jets determined using ABCD i_'°7¢*#r”ﬁi‘7-1-"r.7—ﬁ+—+‘f?+—é
e—~>y mislD determined using fake rates from Z-> - | BRI

Wyy scaled from data. AP, 7]

Signal: Sherpa 1.4.1 with CT10

Sherpa 1.4.1 with CT10: Zy, Wyy

Madgraph _aMC@NLO 5.02 with Herwig 6.520 and Jimmy 4.30 +CT10: tt, tty
single top, WW

Powheg+Pythia 8.163 with CT10: ZZ,WZ

v+jets: Sherpa 1.4, cross check with Pythia 8.10
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Phys. Rev. D 90 (2014) 032008

CMS W(>IV(>jj)y

« Backgrounds:

Process Muon channel Electron channel _ . o
number of events number of events » Wy+tets: sideband fit in m;;.
SM WWy 6.6 1.5 50+1.1 » Jets—>y extrapolated from date
SM WZ~y 0.6+0.1 0.5+0.1 e Jets>>/fit To E.Miss
W7 +jets 1369+ 105 101.6 £ 85 Other bk T ‘
WV +jet, jet — 331+ 438 213433 * Other bkg estimated for MC.
MC tty 12.54+3.0 91422
MC single top quark 28+0.8 1.7£0.6
MC Zy +jets 1.7 £0.1 1.5+£0.1
Multijets — 72+5.1
Total prediction 1942 £11.5 147.9 £10.7
Data 183 139
Signal+bkg:
- , Madgraph 5.1.3.22+CTEQ6L1
Process Cross section [pb]
SM WW<y (NLO) 0.090 £ 0.021 : _
SM WZry (NLO) 0.012 -+ 0.003 Single top: Powheg+CTEQ6M1
W7 +jets (Data) 109+ 0.8
Zy +jets (LO) 0.634+0.13 NLO/LO k-factor derived from
tty (LO) 0.62 £0.12 Madgraph
Single t + y(inclusive) (NNLO) 0.31 +0.01
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Process Events Estimation Method
tty 41419 MC simulation
Z~ 2.74+1.2 MC simulation
W Z~ 2.740.6 MC simulation
Fake ~ from e 2.34+0.6 Corrected simulation
Fake ~ from jets 1.7 %3 2D sideband method
WW= (7 contribution)  1.0+0.1 MC simulation
Wt 0.3£0.1 MC simulation
VA 0.24+0.1 MC simulation
Fake p from jets 0.1+0.1 MC simulation
Fake e from jets 0.0 fg:g 2D sideband method
Total background 15.14+4.1 Sum of components
Expected signal 122+ 1.1 Corrected VBFNLO
Data 26 Measurement
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Process Electron Channel Muon Channel Estimation Method
W~ + jets 324411 407+ 11 Simultaneous fit
Fake ~ from jets 82+ 7 117+ 9 Simultaneous fit
Fake { from jets 57+ 6 27+ 5 Simultaneous fit

tty 354+ 6 464+ 7 MC simulation
Fake ~ from e 33+12 3+ 1 Corrected simulation
Z~ + jets 19+ 4 20+ 3 MC simulation
WV~ (1 contribution) <1 <1 MC simulation
Total background 552 438 621+ 31 Sum of components
Expected signal 14+ 2 18+ 2 Corrected VBFNLO
Data 490 599 Measurement

Backgrounds from WZ, ZZ, and Zy diboson production were simulated with up to three additional partons
in the final state using the SHERPA event generator (versions 1.4.1, 1.4.5, and 1.4.1 respectively) with
the CT10NLO PDF set. Top quark pair production in association with a photon (7y) was generated with
the MadGraph 5.2.1.0 event generator using the CTEQ6L1 PDF set and interfaced to PYTHIA 8.183 [35]
for the simulation of the hadronisation and the underlying event. The cross-section was normalised using
the computations of Ref. [36] which were performed at NLO in as. The simultaneous production of
top and antitop quarks (¢t7) and the production of W bosons in association with top quarks (W) were
generated at NLO in as with the POWHEG-BOX [37-39] program using the CT10f4 PDF set and being
interfaced to PYTHIA 6.426 using the CTEQ6L1 PDF set. The background from Z bosons produced in
association with jets (Z + jets) and from W-boson production in association with a photon (Wy + jets)

were generated with the ALPGEN [40] program interfaced to the HERWIG 6.520.2 [41] event generator
for parton showering and hadronisation. The JIMMY [42] event generator was used to simulate the
underlying event and the CTEQ6L1 PDF set was employed. All simulations that used the PYTHIA event
generator employed the TAUOLA [43] program to compute the 7 lepton decays. In samples that do not
contain a prompt photon in the final state, the PHOTOS [44] program was employed to simulate photon
radiation from final-state charged particles.
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Signal with Sherpa 2.1.1 and CT10NLO

@LO
normalised to NLO with VBFNLO.

E} threshold Observed Expected SM Prediction

[GeV] limit [fb]  limit [fb] Ciheo [1D]
Fully leptonic ~ evuvy 120 03 0303 0.076
evjjy 200 13 13403 0.057
Semileptonic { uvjjy 200 1.1 L1093 0.051
Evjjy 200 09 0.9+23 0.054
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ATLAS WWW

totvty 0 SFOS 1 SFOS 2 SFOS Validation Region || Signal | Background [ Observed
WEWEWT signal 134 4+ 002 £ 007|139 £ 002 £ 008|061l =+ 00l =+ 003 Preselection 9.78 £ 0.04 £ 0.45 | 2392 £ 7 4 298 2472

Wz 059 + 000 + 0071119 + 01 =+ 13 lo1 =+ o1 = 10 lvlvly  Fake-lepton 0.15+0.01 +0.02 15 +£1410 18

Other prompt background || 0.21 £ 001 + 002|078 + 002 =+ 011|060 =+ 002 =+ 0.10 ny 0.32 £ 0.01 £ 0.02 11943 +20 119

Charge-flip background 004 + 000 + 001 - - Chﬂfge—ﬂ'ip 0.98 £ 0.04 4+ 0.06 21142 22.

v ) 020 + o015 + o020 loil 4 o010 + o9 W7 + 2-jets 055 £0.03£0.04 | 52 £1+£10 56

Fake-lepton background 1.5 + 03 + 14 1.9 + 0.3 + 1.9 049 £ 016 £ 047 fyfy]] b-tagged . 1.00 £+ 0.05 £ 0.07 69 +1+£23 78
W mass sideband || 3.3540.08 & 0.43 48+2+6 53

Total background 24 & 03 4+ 14 |148 + 04 + 23 [103 £ 02 £ 12 <1 jet 162L006L040 | 139 £3L18 115

Signal + background 37 + 03 4+ 14 |162 + 04 + 23 [109 £ 02 £ 12

: . : + Signal: MadGraph5_aMC@NL

. - ‘ Signal: MadGraph5_aMC O
vevjj ete et wEp :
o (v5.2.2)+CT10NLO+Pythia 8.1.6 @NLO

WEWEWT signal 046 + 003 + 007|135 + 005 + 019|165 + 006 =+ 030

Wz 074 + 013 £ 044|277 £ 027 + 066|328 + 020 + 071 @ AISO use VB F N LO at LO to generate

Other prompt background || 046 4 005 £ 016|133 4 010 + 038|133 + 015 + 038 .

Charge-fip backgromnd | 113+ 013 < 024|074 + 008 + 016 . events and cross check, and normalized

Vo 075 + 035 + 02125 + 07 + 07 -

Fake-lepton background 096 + 015 4 039204 + 022 + 089|043 £ 006 + 025 to VB N F LO @ N LO .

Total background 40 + 04 + 07 |94 + 08 + 14 |50 £ 03 = 08 e Backg round: Dibosons: Sherpa (V'] 4)

Signal + background 4.5 + 04 + 0.7 107 +£ 08 + 14 6.7 + 03

: . .~ or Powheg depending on the final

lvlvly lvlvjj -
Source of Uncertainty Signal [%] Background [%] | Signal [%] Background [%]States. tt+V’ VVV.
Lepton ID, Et/pr scale and resolution 1.6 1.8 2.1 3.3 MadGraphS aMC@N LO
EF™ modelling 1.1 1.4 0.7 1.8 —_
b-jet identification 0.3 0.3 2.2 2.2
Jet ET scale and resolution 2.3 2.8 21 15
Fake-lepton background 0 13 0 8
Charge-flip background 0 0.04 0 2.2
Luminosity 1.9 1.6 1.9 1.4
Pile-up estimate 1.1 0.6 0.6 1.6
Trigger efficiency 0.1 0.1 0.1 0.01
Normalization factor 3.8 8 6.0 13
Statistical 1.2 3.2 2.7 5.1




